Abstract A large number of foreign compounds, including many drugs, industrial pollutants, and environmental chemicals, can be oxidized under appropriate conditions to potentially toxic free radical intermediates. We evaluated the ability of the oxidants produced by the neutrophil myeloperoxidase system to generate free radical intermediates from several such compounds. Sodium hypochlorite or hypochlorous acid produced by human peripheral blood neutrophils and trapped in the form of taurine chloramine were both found to be capable of producing free radicals from chlorpromazine, aminopyrine, and phenylhydrazine. These radical intermediates were demonstrated by visible light spectroscopy and by direct electron spin resonance (for the chlorpromazine and aminopyrine radicals) or by spintrapping (for the phenyl radical generated from phenylhydrazine). Stable oxidants produced by the neutrophils (i.e., those present in the supernatants of stimulated neutrophils in the absence of added taurine) also were found to be capable of generating free radical intermediates. The production of the oxidants and the ability of neutrophil supernatants to generate these radicals were almost completely eliminated by sodium azide, a myeloperoxidase inhibitor. We suggest that the oxidation by neutrophils of certain chemical compounds to potentially damaging electrophilic free radical forms may represent a new metabolic pathway for these substances and could be important in the processes of drug toxicity and chemical carcinogenesis.
Introduction
Many chemical compounds can be converted into free radical forms. The latter species are usually quite reactive and shortlived because they have a single unpaired electron in their outer orbital. Recently, evidence has accumulated to indicate that free radical intermediates may be important in the toxicity of a large number of substances (1) (2) (3) (4) . Free radicals can be formed by several mechanisms, including one-electron oxidation, one-electron reduction, homolytic cleavage of a C-H bond, and in some cases by two-electron oxidation/reduction reactions. Enzyme-catalyzed oxidation also provides a mechanism by which free radical intermediates can be formed. Examples of this process include the generation of the chlorpromazine free radical cation (CPZ +)' by hydrogen peroxide and horseradish peroxidase (5) and the prostaglandin-synthetasedependent production of the aminopyrine free radical cation (AP. +) by a one-electron oxidation of aminopyrine (6) . However, a two-electron oxidative pathway seems to generate free radicals in the tyrosinase-catalyzed oxidation of catecholamines (7) .
Oxygen-containing free radicals such as the superoxide anion and the hydroxyl radical can be generated by several mechanisms in living organisms, including the oxidative microbicidal processes of phagocytic cells (8) . Recently, neutrophils have been shown to produce genetic mutations in bacteria (9) and cytogenetic damage to the chromosomes of Chinese hamster ovary cells (10) , apparently through the production of the hydroxyl radical. There is a significant correlation between the development of local cancers and the presence of infectious or noninfectious inflammatory processes (11) . The possibility exists that neutrophils at inflammatory sites can directly cause mutations in surrounding cells, leading to the development of cancers. However, stimulated neutrophils also produce powerful oxidants through their myeloperoxidase system, which has the capacity to release hypochlorous acid into the surrounding medium (12, 13) . Therefore, an alternative explanation for the association of inflammation and cancer is that neutrophils can oxidize potential carcinogens such as environmental pollutants, drugs, or even certain chemical compounds in foodstuffs (14) to highly toxic electrophilic free radical forms that might result in the neoplastic transformation of surrounding cells. This possibility is also consistent with the existing hypothesis that the ultimate metabolites initiating carcinogenesis are electrophiles (15) . In addition, a similar mechanism might be involved in the toxicity of certain drugs that can be oxidized to free radical forms.
This study was undertaken to determine if the oxidants produced by neutrophils could generate potentially toxic free radical intermediates from certain foreign compounds. We report that hypochlorous acid, taurine chloramine, and the oxidants produced by stimulated neutrophils can convert chlorpromazine and aminopyrine to their free radical cation intermediates (CPZ. + and AP +) and can also generate the phenyl radical (Ph .) from phenylhydrazine. Assays. The release of HOCI/OCl-into the medium was quantitated using a modification of the chlorination of taurine method (17) . This assay uses the ability of taurine to react with HOCl/OCI-to form taurine chloramine, which is an oxidant more stable than HOCI/OC1-itself. The neutrophils (5 X 106/ml) were incubated in phosphate buffered saline containing 5 mM potassium chloride, 1 mM calcium chloride, 1 mM magnesium sulfate, and 5 mM glucose at 7.4. In most instances, taurine was added before incubation and opsonized zymosan (2 mg/ml) was used as the neutrophil stimulant. Incubations were generally carried out at 22°C. (Previous experiments in our laboratory have demonstrated optimal release of HOCl/OCI-at 220C with the use of opsonized zymosan as the stimulus.) In some experiments, sodium azide (10-4 M) was used to inhibit neutrophil myeloperoxidase. After incubation, the tubes were centrifuged and the supernatants were removed for quantitation of taurine chloramine. The latter was determined using the oxidation of iodide (added as 20 mM potassium iodide) to iodine, which could be detected spectrophotometrically in an excess of I-as I-at 350 nm. Catalase (100 jig/ml) was added before the KI in this assay to destroy any remaining hydrogen peroxide, which can (slowly) oxidize iodide to iodine. The data were expressed as nanomoles of HOCI/OCI-produced by 5 X 106 neutrophils using a standard curve of sodium hypochlorite concentrations. Generation of stable oxidants produced by neutrophils, as recently described by Weiss et al. (18) , was estimated in a similar manner except that taurine was not added to the incubation medium.
Generation of free radical intermediates from chlorpromazine, aminopyrine, and phenylhydrazine was studied using as oxidants sodium hypochlorite, taurine chloramine (which was produced by adding sodium hypochlorite to an excess of taurine) (17) , and supernatants of stimulated neutrophils. The conditions were similar to those used in the assay for HOCI/OCI-except that some of the experiments involving chlorpromazine were carried out at 37°C and using a reduced concentration (5 mM) of taurine (preliminary experiments suggested that the higher taurine concentration might be somewhat inhibitory of CPZ. + generation). The free radical cations of chlorpromazine and aminopyrine are both relatively stable at pH 5.0, and both absorb light in the visible range. Therefore, the pH of the solutions containing chlorpromazine and aminopyrine was first adjusted to pH 5.0 using acetic acid. CPZ. + was determined spectrophotometrically at 526 nm using an extinction coefficient of 1.07 X I04 M-cm-' (19) and AP + at 480 nm using an extinction coefficient of 2.5 X 103 M-' cm-' (6) .
Direct electron spin resonance (ESR) spectroscopy was used to confirm the presence of CPZ * + and AP -+, whereas production of Ph. was quantitated using ESR spin trapping techniques (20, 21) . The samples were transferred to a miniature quartz ESR flat cell that was placed in a dewar contained in the cavity of the ESR spectrometer (Varian E-109, Varian Associates, Inc., Palo Alto, CA). The ESR spectra were generated at room temperature. Spin-trapping of the phenyl radical by DMPO and subsequent evaluation of the DMPOphenyl adduct by ESR was used to detect generation of this radical from phenylhydrazine by the oxidants described above. These studies were carried out in PBS at pH 7.4 after adding 35 mM DMPO and 10 mM phenylhydrazine to solutions of sodium hypochlorite, taurine chloramine, or the neutrophil supernatants. These samples were kept frozen until they were analyzed by being thawed, transferred to the miniature flat cell, and investigated by ESR as described above. Spectra obtained in these studies were compared with known ESR spectra for CPZ * +, APT +, and the DMPO-phenyl adduct (5, 6, 22) .
Results
Production offree radicals by sodium hypochlorite and taurine chloramine. Because stimulated neutrophils have been shown to release hypochlorous acid (17) and stable chloramines (18) into the surrounding medium, we first evaluated the capacity of these substances to oxidize foreign compounds to their free radical intermediates. Both sodium hypochlorite solutions and the stable chloramine, taurine chloramine, were able to produce the free radical intermediates from chlorpromazine, aminopyrine, and phenylhydrazine as detected using ESR and/or visible light spectroscopy. Fig. 1 shows the ESR spectra of CPZ. + and AP-+ generated by taurine chloramine (300 MM) and the DMPO-phenyl adduct generated by sodium hypochlorite (400 MM). Similar spectra were obtained for CPZ-+ and AP-+ generated using HOCl/OCl-and the DMPO-phenyl adduct generated using taurine chloramine (data not shown). The ESR spectra obtained for CPZ + and AP-+ were quite comparable to those described in previous studies (5, 6) , and the ESR parameters of the DMPO-phenyl adduct agreed with the values in the literature (22) .
The colored, relatively stable CPZ-+ and AP -+ radicals could be quantitated spectrophotometrically. However, whereas CPZ-+ appeared immediately upon addition of the oxidants, AP -+ required -60 s to develop. Both radicals began to disappear within several minutes. the radicals produced seemed to decay more rapidly than when taurine chloramine was used as the oxidant.
Production offree radicals by neutrophil-derived oxidants. Neutrophils were stimulated with opsonized zymosan in the presence or absence of taurine and the supernatants were tested to determine the amount of HOCl/OCl-that had been produced and their ability to generate the free radical intermediates. Table I shows that the stimulated neutrophils released into the medium 88.3±23.6 nMol of HOCl/OCl-per 5 X 106 cells. As an estimate of the amount of stable oxidant produced, 5 X 106 stimulated neutrophils produced an equivalent of 12.3±0.8 nmol of HOCl/OCl-in the absence of taurine. Significant amounts of CPZ. + and AP. + were detected spectrophotometrically when 10 mM of either chlorpromazine or aminopyrine were introduced into these supernatants after adjusting the pH to 5.0 to increase the stability of the radicals.
These data are shown in Table II for chlorpromazine and  Table III for aminopyrine. Note that reduction of the pH was done to increase stability of the radicals so they could be measured; generation of these species apparently occurs at (Table IV) . Sodium azide (an inhibitor of myeloperoxidase) suppressed production of hypochlorous acid and the ability of the supernatants to generate all three radicals. Production of the free radicals in each case was also reduced in the absence of taurine.
Discussion
This study shows that the type and quantity of oxidants produced by stimulated human neutrophils can generate free radical intermediates from chlorpromazine, aminopyrine, and phenylhydrazine. As an integral part of their microbicidal mechanisms, stimulated neutrophils remove from the medium relatively large quantities of oxygen, which are sequentially converted to the superoxide anion radical, hydrogen peroxide, and HOCl/OCl-(23). In contrast to most other peroxidases, myeloperoxidase converts hydrogen peroxide and chloride ion to a strong oxidant that can diffuse away from the enzyme complex (and into the medium surrounding the cell) as HOCI/ OC- (13) . The latter is an effective microbicidal agent that readily oxidizes many biologic molecules and can react with amino groups to form chloramines of varying stability (24) . Since in the presence of neutrophils, HOCl/OCI-is a shortlived species, we found it necessary to trap this compound as taurine chloramine, a molecule that retains significant oxidizing capacity, to show most clearly the ability of neutrophil supernatants to generate these free radical intermediates. Neutrophils also seem to produce some of their oxidants in a stable form, probably representing chloramines (18) . With chlorpromazine and phenylhydrazine, some activity of the supernatants was present in the absence of taurine, presumably due to the presence of these stable chloramines generated by the stimulated cells. Alternatively, the combination of hydrogen peroxide and myeloperoxidase released from stimulated neutrophils might also have been capable of generating these free radical intermediates. In addition, supernatants from neutrophils triggered in the presence of azide were still able to produce relatively large amounts of the DMPO-phenyl adduct. One possible explanation for this observation could be that hydrogen peroxide might accumulate in the supernatants under these conditions and could oxidize phenylhydrazine to Ph-in the presence of (3) . The types of oxidants produced by neutrophils also seem to be capable of this conversion. The linear relationship that we observed between the amount of CPZ-+ generated and the quantity of taurine chloramine added as expressed arithmetically (Fig. 2) suggests that a two-electron oxidation process may have been involved in this process. One possibility is that CPZ-+ and AP-+ produced by HOCI/OCl-or taurine chloramine could have been generated via a back reaction between the two-electron oxidation intermediates and their respective parent compounds. Under other conditions, Ph-seems to be produced from phenylhydrazine by decomposition of phenyl diazene, the twoelectron oxidation intermediate (20, 25) , and this mechanism could be involved in the production of this species by the neutrophil-derived oxidants.
The three compounds used in this study all have significant in vivo toxicity under the appropriate conditions. Whereas chlorpromazine is a safe and effective drug in most instances, it does exhibit a variety of toxic effects. Both chlorpromazine and aminopyrine can produce neutropenia when used therapeutically in humans (26, 27) . This side effect has limited the usefulness of aminopyrine as an antipyretic. The formation of CPZ* + has been suggested as a cause of the toxic side effects of chlorpromazine therapy by the interaction of this radical with endogenous cellular reductants (28). The hydrazines are an interesting group of compounds that have toxic and carcinogenic properties (25, 29) . Covalent binding to the heme moiety of hemoglobin by Ph. generated from phenylhydrazine has been implicated in the toxicity of this compound for erythrocytes (25) . Under the proper conditions, neutrophils might be able to oxidize other chemical compounds to their free radical intermediates, and it is possible that this mechanism could be involved in the toxicity of some of these compounds.
Local cancers often occur at sites of infectious or noninfectious inflammatory processes. Examples are squamous cell carcinomas associated with the fistulas from chronic osteomyelitis (30), bladder carcinoma in schistosomiasis (31) , testicular carcinoma in mumps orchitis (32) , and gastrointestinal carcinoma in inflammatory bowel disease (33) amines. While some of the free radical intermediates may be stable enough to travel away from the site of generation, most would probably act locally. Therefore, conversion of chemical compounds to toxic-free radical intermediates by stimulated phagocytic cells in a localized inflammatory process could be an additional explanation for the association between inflammation and cancer.
If stimulated neutrophils can indeed oxidize various chemical compounds to their electrophilic free radical intermediates in vivo, this process may represent a new pathway for the metabolism of these compounds. This pathway could be important in the toxicity of certain drugs and in the carcinogenic potential of other chemical compounds.
